Abstract
Introduction
We have evaluated several new muscle relaxants in MHS pigs as the animal experimental phase of new drug development [2] - [9] . Also, we have evaluated several old muscle relaxants as part of our research program to elucidate the triggering mechanism which initiates MH [10] - [13] .
This paper reports the data and results we have obtained on ORG 9426 which is now on the market as Rocuronium.
These studies were designed to evaluate the dose response of each pig, the continuous infusion dose required to maintain a 90% neuromuscular block and then to evaluate the MH triggering or prevention potential of ORG 9426.
Methods and Materials
Organon 9426 was supplied by Organon Inc. as 10 ml vial, Lot # OR.01.891C3 and Lot # OR.04.89IC4 at a concentration of 20.0 mg/ml.
The 10 MHS pigs were derived from our MHS breeding colony (see Figure 1 ) that was established in January 1969 [8] [14] [15] . The control pigs were commercial white pigs purchased from Paso Pork (Skov Farms) who maintained a breeding herd of 500 sows. The MHS pigs used in this series of experiments were classified as 3/4 hot based on a reaction to halothane challenge of 10 -12 minutes.
The experiments were conducted in our animal research facilities at TTUHSC-El Paso. We used an HP-8 channel physiography, Model T158B, Edwards Model 9520 CO computer, Marquette Electronics CO 2 analyzer, Ohio Model 2000 anesthesia machine, Harvard Model 618 piston ventilator, Oximetric 02 analyzer with Opticath catheters, a Grass FTI0 force displacement transducer and HSE Model 359A neuromuscular monitor. Blood gases were run in the Thomason Hospital laboratory.
The animals were restrained with a snout holder, an intravenous line inserted into an ear vein and 30 ml of Thiopental (5 mg/ml) was given for sedation. The animals were intubated and ventilated. Sterile surgical cutdowns were completed on the neck and inner thigh. The Opticath Swan-Ganz catheter was inserted into the jugular vein and advanced to the wedge position in the pulmonary artery. The internal carotid was catherized with a Millar Mikro-tip catheter pressure transducer and advanced to the apex of the left ventricle. The femoral artery was cut down and a 16G catheter was inserted retrograde 10 -12 cm until a good arterial wave was recorded. Blood samples were collected at timed intervals for blood gas analyses.
Neuromuscular transmission was assessed by recording evoked twitch tension in response to a supramaximal train of four of the left peroneal nerve via needle electrode. The infusion of ORG 9426 was adjusted to provide a 90-95% blocking dose after single dose response tests were completed (see Figure 2 ).
Recording of Experimental DATA
A 30 minute control period at a core temperature of 37 -38 C was recorded, blood gases were measured and duplicated cardiac output readings were recorded. There is a considerable variation in response to the halothane challenge test so a breeding herd has to be established to identify those animals that are highly susceptible and that die from stress imposed by breeding activity, transport stress, and heat stress. We have been fortunate to be able to study the highly stress susceptible animals under laboratory conditions. 
Dose Response Testing
Pigs used on the ORG 9426 project: 8 control pigs with mean wt. 53.55 kg; 10 MH pigs with mean wt. 50.93 kg.
Discussion
ORG 9426 had an onset time of 45.6 see in control pigs and an onset time of 83.4 sec in MHS pigs (see Figure  3 ). These onset times compare very favorably with 67.5 sec in control pigs and 72.86 sec in MHS pigs for pipecurium (Arduan R ) [11] . Onset time was 120 sec in Tibialis and 174 sec in Soleus muscles of the anesthetized cat [2] . Onset time was 108 sec in Tibialis and 186 sec in Soleus muscles of anesthetized pigs [2] . The onset time was 108 sec in rats and 132 sec in guinea pigs [3] . Onset times for ORG 9426 were not reported for human patients.
Duration 90 for ORG 9426 was 7.21 min in control pigs and 12.0 min in MHS pigs. Duration 90 was 10.5 min in control pigs and 8.93 min in MHS pigs used in the pipecurium (Arduan R ) experiments [11] . Clinical duration was 6 min in rats and 15.8 min in guinea pigs [3] . Clinical duration was 15.1 min in human patients. The duration 90 of ORG 9426 appears to be shorter in pigs than in humans.
25% to 75% recovery rate was 2.84 min in control pigs and 4.59 min in MHS pigs. This compares favorably with 8.5 min for atracurium in pigs [11] , 12.0 min for vecuronium in pigs [7] , 4.36 min for pipecurium (Arduan R ) in pigs, and 2.9 min for Tibialis and 5.2 min for Soleus muscles in the anesthetized cat [2] . The recovery rate was 2.1 min in rats and 5.3 min in guinea pigs. Our data is very comparable to 3.3 min for Tibialis and 5.7 min for Soleus muscles in the anesthetized pig [2] .
Control pigs required 109.9 ug/kg/min and MHS pigs required 72.4 ug/kg/rnin infusion of ORG 9426 to maintain a 90 block. This contrasts with the 5.35 ug/kg/min and 5.94 ug/kg/min for control and MHS pigs respect- tively during the Arduan R experiments. This also contrasts with the 50 ug/kg/min for Vecuronium [6] and the 30 ug/kg/min for Atracurium [12] . It appears that ORG 9426 is only one-third to one-half as potent as Vecuronium in pigs. Arduan R was 12.19 to 20.54 times more potent than ORG 9426. The fact that MHS pigs only required 66% of the infusion dose to maintain a 90 block suggests that there is a marked difference in the neuromuscular effect of ORG 9426 in MHS vs control pigs (see Figure 4) . This idea is further reinforced by the marked effect of ORG 9426 on core temperature in MHS pigs, see Figure 5 .
Alkalosis gave a slight increase (0.09%) in the ORG 9426 block in control pigs. Acidosis gave a 2.5% increase in the degree of neuromuscular block from ORG 9426. Both alkalosis and acidosis produced a decrease (5.8% and 5.0%) respectively in MHS pigs. This opposite effect may be due to the fact that MHS pigs were more acidotic during the control period than control pigs (data not shown)
From the core temperature data table (Organon 9426), see Figure 5 , it is obvious that the MHS pigs treated with a 90% blocking dose infusion of ORG 9426 exhibited a significantly greater (P < 0.01) decrease of core temperature from 37.32˚C down to 36.88˚C with continued cooling during halothane and succinylcholine to a final core temperature of 36.02˚C. Rectal temperature data showed a similar decrease with an initial temperature of 37.3˚C which dropped to 36.7˚C and then to a final temperature of 36.2˚C. The core temperature in control pigs started at 38.24˚C and then increased slightly to 38.36˚C during ORG 9426 infusion. The addition of halothane and succinylcholine caused a further slight drop in core temperature to 38.02˚C. Rectal temperature in control pigs started out at 38.3˚C and decreased to a final temperature of 37.2˚C. MHS or Control animals treated with Vecuronium and Arduan did not exhibit these significant changes in core and rectal temperatures.
These data reinforce our hypothesis that MH is triggered by a runaway thermogenic futile cycle at the sodium channel level [16] . The lower infusion dose of ORG 9426 required by MHS pigs to achieve a 90% block suggests that there is a neuromuscular defect which may produce a decreased number of functional sodium channels.
An interesting secondary effect is that ORG 9426 may be binding and blocking at a secondary site (allosteric site) on the sodium channel which provides protective effect at clinical dosage levels. This secondary activity at the sodium channel may be an up or down regulatory effect. ORG 9426 appears to be a down regulator whereas succinylcholine is an up regulator.
The highly lethal nature of MH may very well be explained by the defective sodium channel that discharges the −90 mv cell membrane charge.
The increased voltage and longer duration of mvp could lead to muscle hypertrophy via isometric contractions. This effect can be observed by the goose-step gait which these pigs have when they are walking.
ORG 9426 may be a promising drug to treat an active MH episode. That experiment has not yet been attempted. The factors that regulate sodium channel activity would be key to regulating body temperature. This would be a test of ORG 9426 in normal and MH patients to get dose response and duration 90 minutes (see Figure 6 and Figure 7) . Ten MHS pigs were treated with Organon 9426 during the initial infusion studies. Only one pig (MH7) developed MH immediately after the infusion during the halothane and succinylcholine challenge. The other nine pigs did not develop MH or show any sign of impending MH during the initial halothane and succinylcholine challenge. Subsequently, we modified the protocol to recover the pigs and allow them to be challenged one week later after clearing Organon 9426. We had eight animals which were recovered and challenged one week later. Seven of these animals showed the metabolic changes typical of the MH syndrome. One animal proved to be MH negative. Therefore, Organon 9426 appears to be a good candidate as a muscle relaxant which will prevent the development of the MH Syndrome. We have used Metubine Iodide, dimethyl curare, at pharmacological doses to prevent the MH Syndrome in highly MHsusceptible pigs. Organon 9426 is the first muscle relaxant we have studied to offer significant protective action at a clinical dosage.
This group of MHS pigs displays a wide variation in MH symptoms and different degrees of the acute MH syndrome. The metabolic and physiological data is consistent with our previous studies. The pigs in this group of animals were sired by an MH boar that developed MH symptoms at 12 minutes of halothane exposure who was mated to crossbred MH susceptible sows. Theoretically, the pigs would be carrying 75% of the maximum genetic dose.
Organon 9426 does not have any appreciable side effects that would inhibit its use.
There was a significant decrease in arterial and venous pH in MHS pigs during the infusion of ORG 9426. Over 2000 papers have been published on ORG 9426 usage per a medline search. We will not cite those papers here.
Conclusions
• Organon 9426 is a promising drug to treat an active MH episode [17] .
• Organon 9426 does not have any appreciable side-effects that will inhibit its use.
• The highly lethal nature of MH may be the result of the defective sodium channel that discharges the −90 mv cell membrane charge leading to rapid cell death.
• A wide variation in MH symptoms is evident in MHS pigs, so a MH pig colony must be established for meaningful experimental studies.
• The increased voltage and longer duration of myoneural voltage potential could lead to muscle hypertrophy via isometric contractions. A secondary site (allosteric site) appears to be present on the acetyl choline receptor (sodium channel) which binds Organon 9426, thereby preventing the development of MH, even though the 90% block has been dissipated and the twitch response has returned to a 100% functional level. This effect is evident on the temperature graph and the twitch response recordings.
